. The thickness of the adsorbed polymer layer in water determined both by AFM and rheology measurements, was found to be about 9 nm.
Abstract
The adsorption isotherm of a hydrophobically modified inulin (INUTEC SP1) on Polystyrene (PS) and Poly(methyl methacrylate) (PMMA) particles was determined. The results show a high affinity isotherm for both particles as expected for a polymeric surfactant adsorption. The interactions forces between two layers of the hydrophobically modified inulin surfactant adsorbed onto a glass sphere and plate was determined using a modified atomic force microscope (AFM) apparatus. In the absence of any polymer, the interaction was attractive although the energy of interaction was lower than predicted by the van der Waals forces. The results between two layers of the adsorbed polymer confirms the adsorption isotherms results and provides an explanation to the high stability of the particles covered by INUTEC SP1 at high electrolyte concentration. Stability of dispersions against strong flocculation could be attributed to the conformation of the polymeric surfactant at the solid/liquid interface (multipoint attachment with several loops) which remains efficient at Na 2 SO 4 concentration reaching 1.5 mol.dm -3 . The thickness of the adsorbed polymer layer in water determined both by AFM and rheology measurements, was found to be about 9 nm.
Introduction
Polymeric surfactants are commonly used in formulations that require high colloid stability, such as paints, cosmetics products, emulsion latexes, etc [1] . The mains advantages of polymeric surfactants are their strong adsorption at the solid/liquid interface (lack of desorption) due to the multipoint attachment of the polymer chain to the surface and the strong steric repulsion between the stabilizing chains. This can be achieved using block or grafted copolymers, where the B part of the molecule acts to anchor the chain to the surface, and the A part is the stabilization chain [2] [3] [4] [5] . The performance of a polymer depends not only upon its adsorption density but also on its conformation and orientation at the interface. For an adsorbing polymer system, the balance of interaction energies between the polymer and solvent, the polymer and surface, and the polymer with itself will determine the final conformation adopted at the interface [6] . It is essential to have an adsorbed layer thickness that is sufficiently large to screen the Van der Waals attractive forces [7] .
To achieve the above objective, a hydrophobically modified inulin surfactant (INUTEC SP1) has been recently synthesized [8] [9] . This molecule is a graft copolymer consisting of an Inulin (Polyfructose) backbone (A) on which several alkyl groups (C 12 ) (B) are grafted. The inulin backbone has a degree of polymerization greater than 23 (i.e. a molecular weight greater than 3700 dalton).
The alkyl groups provide the anchor points (multipoint attachment) at the solid/liquid interface, leaving the po lyfructose loops dangling in solution. These alkyl chains are randomly distributed across the polyfructose backbone which implies a distribution of loop sizes. The polyfructose chain remains strongly hydrated even at high electrolyte concentration and high temperature [10] [11] .
The molecule was previously studied for his stabilization properties of O/W emulsions [11] and colloidal dispersions such as latex particles [12] [13] .
Preliminary investigations by dynamic light scattering (PCS) using polystyrene latex particles, indicated an adsorbed polymer layer thickness of 4 nm [12] . It proved to be very effective as a steric stabilizer [12, 13] and indeed more efficient in comparison to classical surfactants, based on poly(ethylene oxide) [12] [13] [14] [15] .
For full characterisation of an adsorbed polymer layer, at a solid/liquid interface, one needs to kno w how much polymer is absorbed, where it is located on the surface, and how far it extends into solution a way from the interface (the hydrodynamic layer thickness). Polymer adsorption has traditionally been studied quantitatively by classical solution depletion. More recently, the adsorbed polymer layer has been investigated by rheology [16] and by direct force measurements such as atomic force microscopy (AFM) [17] .
Both techniques provide information about the adsorbed layer thickness as a function of polymer concentrations.
In this paper, we report the results of a study of the mechanism of stabilization of solid particles by the INUTEC SP1. The adsorption of INUTEC SP1 on PS and PMMA particles has been investigated. The polymer coated latex particles were used for rheological investigations as a function of the volume fraction of the particles. To fully understand the stabilization mechanism, a quantitative description of the interaction forces between the adsorbed polymer layers was obtained using AFM measurements. For this purpose, the interaction between a hydrophobized glass sphere and a glass plate, that were coated with Inutec SP1, was measured as a function of polymer concentration, both in aqueous solution and in the presence of Na 2 SO 4 (up to 1.5 mol.dm -1 ).
Experimental

Materials
INUTEC SP1 was supplied by ORAFTI Bio Based Chemicals (Tienen, Belgium), and was synthesized as described before [8] [9] . It is a graft copolymer made of a polyfructose backbone on which some alkyl groups (C 12 ) are grafted.
Its average molecular weight is approximately 5000 g.mol -1 . The purity of such surfactant was higher than 97% and it forms a clear solution at concentrations less than 0.1 wt%, above which a turbid solution appears which is due to some association of the polymeric chains [13] .
Styrene (Merck) or Methyl Methacrylate (Aldrich) were used as monomers. These were purified by passing them through basic chromatographic aluminum oxide in order to remove the hydroquinone inhibitor. ).
Methods
Latex particles
All latexes were prepared by emulsion polymerization as described before [13] . The reactions were carried out for 24 hours for polystyrene (PS) particles and 6 hours for poly(methyl methacrylate) (PMMA) particles, at a constant temperature of 80ºC under a controlled nitrogen atmosphere.
A complete characterization of both latexes was carried out. The main results, such as diameter, polydispersity index, conversion rate, and the critical coagulation concentrations (CCC) of CaCl 2 , are shown in Table 1 . The monomer conversion rates were determined at the end of the reaction, for each latex synthesized, by the gravimetric method based on evaporation of all volatile compounds of the dispersion, at 50ºC during 12 hours. Particle size and polydispersity index of each particle were obtained by photon correlation spectroscopy, PCS. The CCCs were evaluated by measuring the turbidity as a function of time for different electrolyte concentrations. Details of the method have been reported elsewhere [13] .
AFM experiments
The atomic force microscope (AFM) used was constructed at the Imperial College with the specific aim of examining the surface interactions between adsorbed polymer layers on glass surfaces. No scanning capability was incorporated into the instrument. A full description of the instrument and its operation was given elsewhere [18] . To minimize the drifts and noise from both the environment and the mechanical apparatus itself, the apparatus was set up in a basement laboratory, placed on an antivibration table and covered with a custom-made box to control the local environment. The glass sphere was mounted onto a commercial silicon AFM single beam cantilever using a micromanipulator and video camera. The particle diameter was determined microscopically and the spring constant of the lever was determined using the resonance shift technique similar to the one described by Cleveland [19] . The spring constant can be expressed by the expression:
where νu and νL represent the resonance frequencies of the cantilever while unloaded and loaded respectively and m p , is the particle mass. A spring constant of 0.0147 N.m -1 was determined for the cantilevers used in our experiments.
The Petri dish was mounted on top of the AFM moving vertical stage and filled with nanopure water (30 ml). The two surfaces were brought into close proximity of roughly 2 mm apart after which a part of the nanopure water was replaced by some stock polymer solution using a hypodermic needle to obtain the adequate polymer concentration in the bulk. The surfaces were then left at least 12 hours to allo w the polymer to adsorb on the silanized surfaces. The raw data were collected using a commercial software package called Snapshot (Advantech, UK), and finally the data were processed in commercially available spreadsheet software (Excel 2000). All experiments were carried out at room temperature.
Adsorption Isotherms
The adsorption isotherms were determined by using the depletion method [20] , which consists of measuring the difference between the surfactant concentration in solution before and after adsorption. mol.dm -3 .
Rheological measurements
The rheological measurements were performed at 25 ºC using a HAAKE 150 Rheometer equipped with double cone geometry. The temperature control was achieved to within ± 0.2ºC. The latex dispersion was carefully placed in the gap between the double cone geometry and the plate. The double cone was rotated at various angular velocities enabling the shear rate,
• γ , to be estimated, the torque and hence the stress was measured on the other element.
The rheology of aqueous PS particles sterically stabilized by postaddition of INUTEC has been studied. In order to have a high rate of adsorption of the polymer, particles dispersions were mixed with polymer solution for 24 h, to allow the polymer to adsorb at the interface. Steady state measurement has been carried out for PS samples with various volume fractions, φ (0.1 to 0.42).
All the samples had the same polydispersity since each different volume fraction sample was concentrated from the same batch of latex.
Results and Discussion
Adsorption isotherms
Results of adsorption of the INUTEC SP1 on PS and PMMA particles are shown in Figure 1 .
In both cases, a high affinity isotherm is observed which indicates the strong adsorption of the po lymer (multipoint attachment) both on the PS and PMMA particles. The shape of the adsorption isotherms suggests polydisperse polymer mo lecules [6] .
The amount of surfactant adsorbed on PMMA particles is higher than that adsorbed on the PS particles. This may indicate a more densely packed layer on the PMMA surface. It is quite likely that the conformation of the polymer at the solid liquid interface depends on the nature of the surface [22] [23] The present data are strongly reminiscent of the two regimes described by Alexander and de Gennes for the adsorption of block copolymers [24] [25] .
The dilute regime with a strongly affinity for the surface was observed at low polymer concentration (<5x10 -4 mol.dm -3 ) where the surface was either bare or not too much "crowded", leading to a very strong adsorption. The semi-dilute regime at higher concentration was characterized by a lower affinity for the surface because lateral interactions occur between adsorbed polymer molecules inhibiting further adsorption. The Alexander De Gennes model is strictly for an adsorbing AB copolymer, where one part of the polymer extends away as a tail from the surface. In the present case, the hydrophobic part of the polymer is grafted to an inulin backbone so we will have a significant number of loops present as well as tails. However the same argument holds as these loops and tails will stretch away from the surface as more polymer molecules adsorb. Furthermore this effect seemed to increase exponentially as a function of the surfactant adsorbed. This can be explained because, as the adsorption increases, the polyfructose loops of the polymer are extended further away from the particle surface, enhancing the particle stability. The stabilization depends also on the latex surface properties since a smaller amount of INUTEC SP1 is needed to stabilize the PMMA particles than the PS particles.
CCC as a function of surfactant adsorption
These observations confirm the hypothesis that INUTEC SP1 adsorbed on the hydrophobic surface by the hydrophobic alkyl chains and hydrophilic polyfructose chains form loops dangling in solution, giving rise to an extended polymer layer and hence being able to act as an effective steric stabiliser.
Stabilization appears long before the surface is saturated due to the strongly hydrated polyfructose loops. The surfactant added is filling the free gaps on the particles surface, increasing the surfactant loop density at the interface which then extends further from the particle surface.
Determination of interaction forces by AFM
Interaction between bares hydrophobic surfaces
To establish how the polymer modifies the interaction between two surfaces, it is first necessary to determine the interactions between bare surfaces (hydrophobic). These results are shown in Figure 3 where the force is plotted as a function of the distance curve between glass sphere/plate probes.
In the approach process, interaction begins at around 45 nm from contact. At this distance the surfaces jump spontaneously into contact. On withdrawal, a very strong attraction is observed followed by a jump out to 150 nm from the surface. Figure 3 also The origin of such interaction are not entirely clear, but some authors attributed these forces to the presence of small air bubbles nucleated on the hydrophobic surface [30] , which, when it comes in contact with another hydrophobic surface caused a bridging of the nanobubbles, drawing the two surfaces together .
The main conclusion of the above results, is that in absence of any polymer adsorbed on the surfaces, a long-range attractive interaction between the hydrophobic surfaces is observed. No further experiments were carried out to provide a more complete description of these interactions, since it is out of the scope of the present paper. This repulsion is certainly not sufficient to ensure a good stabilization of the particles against flocculation.
Effect of the polymer adsorption on the interactions between hydrophobic surfaces
A well defined repulsive interaction is indicated on approach of the surfaces (Fig. 4b) , for concentration of polymer equal to 6.6x10 -5 mol.dm -3 .
However on withdrawal, the interaction remains attractive, because the surface is not completely saturated and after compression, the polymer remains displaced giving rise to an attraction on separation, which is considerably weaker than in the absence of any polymer. For concentrations equal to, or greater than 1.6x10 -4 mol.dm -3 ( Fig. 4c and 4d ) the interactions become repulsive in both approach and retraction. The repulsion is due to the steric interaction between the adsorbed polymer layers; it is a combination of the osmotic pressure due to the increase of the polymer concentration between the two surfaces on compression and a decrease in entropy of the polymer as it is compressed.
In the above two cases (Fig. 4c and 4d ) the hysteresis (the small difference between the approach and the withdrawal curves) is probably due to the inaccuracy of the measurements and one cannot draw any conclusion from it. These small variations may be within the experimental error of the measurement.
The results of Fig. 4b indicate that the repulsion initiates at a separation distance of 8 nm. The use of AFM techniques to determine the layer thickness suffers from having an ambiguous point of zero distance separation [31] , but it could be assumed that the layer thickness is half the separation where the repulsion between the two surfaces begins to occur. However, since in this case the repulsion disappears on withdrawal, one cannot use this value as a real thickness. The only results that may give an estimate of the layer thickness are shown in Fig. 4c and 4d , which show that the repulsion starts to be significant at a separation distance of approximately 18 nm, indicating a layer thickness of about ~9 nm. This value seems to be an overestimate considering the molecular weight of the polyfructose backbone, which contains about 25 fructose units. It is highly unlike to obtain a loop greater than 2 nm if one does not take into account the contribution of the hydration shell.
The most likely explanation of this high layer thickness obtained is due to the polydispersity of the loop sizes and their strong hydration. One may also infer from the results of Fig. 4c and Fig. 4d that the beginning of the repulsion, at separation distance of about 9 nm, is caused by the largest hydrated loops.
On further reduction of separation distance, these larger loops may become compressed and further stronger repulsion occurs between the smaller hydrated loops.
It is difficult to directly compare the AFM results to the concentration of polymer necessary to saturate the solid/liquid interface, because in one case the polymer is adsorbed on hydrophobic glass surfaces and in the other case is adsorbed on latex particles. These two kinds of surface certainly do not present quite the same hydrophobic character, and we can see that different levels of adsorption occur on polystyrene and poly(methyl methacrylate) particles. 
Effect of electrolyte concentration
Presented in Figure 5 On withdrawal (Fig. 5b) , the interaction remains repulsive up to 0.8
Na 2 SO 4 . However an attractive interaction appears for electrolyte concentration higher than 1 mol.dm -3 . This could be explained by a change of the conformation of the loops at the interfaces, which a llows the Van der Waals forces to dominate close to the surface after compression. One has to take in account that compression of the polymer layer in the AFM experiment is much stronger than the one occurring due to the Brownian collision. Measurement of CCC Na 2SO4 (CCCNa2SO4 > 1.5 mol.dm -3 , reported in Table 2 ) of PS particles confirms the high stability of particles bearing an adsorbed layer of INUTEC even at high electrolyte concentration. indicates the existence of a thin collapsed polymer layer on the surface, rather than the original hydrophobic surface. These results may explain the very high CCC Na 2 SO 4 value obtained with PS particles stabilized by INUTEC SP1, as observed in Table 2 .
Determination of the adsorbed layer thickness using rheology
As observed in Figure 4c and 4d, the statically adsorbed layer thickness of the polymer when the polyfructose loops are fully extended is about 9 nm, which is quite thick in comparison with the INUTEC SP1 molecular weight (5000 g/mol), as discussed before. This can be explained partially by a very strong hydration of the polyfructose mo lecules and partially to the likely polydispersity of the polymer loops. This hydration is consistent to measurements of the cloud point of the polyfructose backbone (i.e. in the absence of any hydrophobic groups) has shown an absence of any cloudiness up to 100ºC and at electrolyte concentrations reaching 2 mol.dm -3 Na2SO4. Figure 7 shows the variation of the relative viscosity, η r , with volume fraction, φ, for PS core particle dispersions with a mean diameter of 321 nm. For comparison the η r -φ curves calculated using the Dougherty-Krieger [32] equations is shown on the same figure.
(2)
Where [η] is the intrinsic viscosity that is consider equal to 2.5 for hard sphere and φ p is the maximum random packing fraction (-0.6) [33] .
As it can be observed, the viscosity of all systems is higher than predicted and, the theoretical η r -ϕ curve for the PS suspensions stabilized by INUTEC SP1 is shifted to the left as a result of the polymer adsorbed. The polymer layer that is adsorbed to the particle also contributes to the hydrodynamic volume of the particles. The experimental relative viscosity data could be used to obtain the effective volume fraction. The maximum packing fraction may be obtained from a plo t of 1/(η r ) 1/2 vs, φ and extrapolation to 1/(η r )
1/2 = 0, using an empirical procedure described by Tadros et al. [34. The value of maximum package fraction, φ p , using this method was found equal to 0.505 (which is lower than the maximum random packing fraction for hard spheres, ~ 0.6).
Using φ=0.505 and φ eff =0.6, the grafted polymer layer thickness was calculated using the equation:
From this equation, a layer thickness, δ = 9.6 nm was obtained, which is consistent with the AFM results described above. It is higher than the approximate value (4 nm) obtained before, by measuring the small increase in the hydrodynamic radius of latex particles, determined from diffusion coefficients obtained by PCS, as a function of surfactant concentration [12] . The PCS measurements are less accurate since δ is obtained from the difference between the hydrodynamic radius of the polymer coated particles and the bare particles. Since δ is much smaller than the radius of the particles (less than 10 times), the accuracy of this technique is not as good as that of the AFM and the rheology. Table 2 FIGURE LEGENDS 
